Refractory NbTaMoW thin films in close to equiatomic composition were deposited by ion beam sputter-deposition at room temperature. Energy-filtered transmission electron microscopy shows uniform distribution of all elements and electron diffraction patterns reveals unvarying body-centred cubic crystalline structure. Transmission electron microscopy images show large grains with columnar morphology. Argon bubbles with around 1.3±0.4 nm diameter were witnessed. The film growth mechanisms are discussed based on high-entropy film nature, general nucleation and growth theory and the Movchan-Demchishin-Thornton structure-zone growth models. Nanoindentation showed that the films have hardness of 22.8±0.7 GPa. Nanoscratching demonstrated that the film high hardness is also connected with high crack and delamination resistances. This indicates high mechanical damage tolerance (e.g. toughness). The results show that the combination of refractory metals with the intrinsic characteristics of high-entropy alloy systems in the NbTaMoW case can be considered as a hard coating candidate for future application in extreme environments. • The film has body-centred cubic structure and columnar grain morphology.
Introduction
Refractory materials and alloys are of paramount importance for the modern industry. Applications such as aerospace vehicles, innovative nuclear power reactors designs, aircraft turbines and several different types of manufacturing parts have to meet the requirements and the engineering criteria of operating at elevated temperatures in harmful environmental conditions. Within this context, as general guidelines for materials selection and design, new prospective refractory ceramic compounds and metallic alloys are expected to exhibit superior ultra high-temperature oxidation and corrosion resistances, long-term microstructural stability and superior mechanical strength and creep resistance over complexes temperature gradients when compared with existing Ni superalloys and conventional refractory ceramics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Recently, the advent of high-entropy alloys (HEAs) has shed light on a possibility of designing new metallic multicomponent alloys with improved properties when compared with conventional alloy systems [11, 12] . HEAs are a complex class of concentrated solid solution alloys (CSAs) with five or more elements that are produced by combining different elements, but at (nearly) equiatomic proportions. Alloys based on a single principal element are known as low-entropy alloys as well as those from two to four principal elements are sometimes referred to either medium-entropy alloys or high-entropy alloys [13, 14] . As the mixing rule dictates alloying elements with different atomic sizes and at equal molar proportions, the crystalline structure is a random solid solution: a concept that deviates from classical terminal solid solution concept in metallurgy. This specific elemental composition rule confers to the HEAs high thermodynamic stability, good mechanical properties, improved oxidation and corrosion resistances and high damage tolerance upon exposure to energetic particle irradiation [15] [16] [17] [18] [19] [20] [21] . Nevertheless, the possibility of alloying refractory metals (such as Nb, W, Ta and Mo) in a form of high-entropy alloys would result in an entire new class of composition-tuneable highly-concentrated multicomponent alloys that preserves the unique mentioned properties of HEAs with high-melting points: the refractory high-entropy alloys (RHEAs) [22] [23] [24] [25] [26] [27] . In addition to the refractory property, recent reports on the relationship between unique microstructure and mechanical properties shed light on the possibility of design new metallic alloys with superior damage tolerance [28] [29] [30] [31] [32] [33] .
To date, a considerable number of RHEAs systems have been explored [23] , but the NbTaMoW and NbTaMoWV RHEAs were primarily investigated by Senkov et al. [22] . The alloys, produced by the vacuum arc melting technique, were characterised by X-Ray Diffraction (XRD) and exhibited body-centred cubic (BCC) structure, densities of 14 g·cm −3 and relatively high hardness for a metallic alloy, around of 5 GPa. Further examination indicated that these bulk alloys preserved the random solid solution after annealing at 1673 K, although some elastic parameters, such as the yield strength, have considerably decreased upon increasing the temperature [34] . Regarding HEAs on general, different systems have been also explored. The oxidation resistance of the NbCrMoTi and NbCrMoV quaternary systems with small additions of Al and Si was studied by Liu et al. [35] . The authors reported on the overall deleterious effect of the Al addition in terms of degrading the oxidation resistance. However, Si and Ti additions were reported to improve the oxidation resistance. On the other hand, the addition of Al into the system MoNbTaTiZr was reported by Senkov et al. to improve the mechanical properties of the alloy [36] . Reduced contents of Mo and V (deviating from the equiatomic condition) within a different alloy, TiZrNbMoV, was found to increase its single phase (BCC) stability [37] . The HfMoTaTiZr/HfMoNbTaTiZr and MoAlWCrTi RHEAs have also been produced by Juan et al. [38] and Garr et al. [39] , respectively, and have exhibited similar results to the previous RHEAs systems. Recently, Anzorena et al. produced and characterised the novel quinary refractory MoTaVWZr high-entropy alloy which showed hardness in excess of 6.7 GPa and potential high radiation resistance [40] . It is worth emphasising that all these bulk RHEAs alloys were of large equiaxed crystal grains and, up to date, the NbTaMoW/NbTaMoWV systems are the most studied RHEAs [22, 41] .
As opposed to bulk metallic RHEAs approach, the present challenge is to produce refractory high-entropy alloy thin films (RHEATFs) that could be applied as coatings onto conventional metallic alloys substrates aiming at to increase their applicability in extreme environments. Main motivations lie in the fact that to replace conventional alloys with bulk HEAs or RHEAs would be an expensive task if the costs and natural availability of some refractory metals are taken into consideration. These RHEATFs could be used as coating in existing metallic alloys, thus delivering the desired properties to an engineering item surface. Recently, HEATFs have been extensively studied [42] [43] [44] [45] [46] and their mechanical properties were compared with arc-melted bulk HEAs by Gorban et al. [47] : the prominent increase in hardness of the thin films when compared with the bulk synthesised alloys was attributed to the nanocrystalline nature of the HEATFs. The feasibility of depositing high-entropy alloy thin films was also recently explored by our group, studying a the FeCrMnNi system [48] and the thin film was demonstrated to be a suitable candidate material for applications within the context of nuclear technology.
In this paper, we report an ion beam sputter-deposition (IBSD) in-depth investigation of the synthesis of the NbTaMoW refractory high-entropy alloy thin film. Post-deposition characterisation were carried out using conventional transmission electron microscopy (TEM) and analytical energy-filtered transmission electron microscopy (EFTEM) techniques. The produced thin films were studied at two conditions: as-deposited and after extended annealing in-air at 523 K. Mechanical properties were measured using nanoindentation and nanoscratching techniques which allowed the investigation of the mechanical damage tolerance of the RHEATF [49] . Results, properties and prospects for the synthesis and application of such RHEATFs are discussed and based on previous reports on the multicomponent NbTaMoW system as well as the current understanding on the metallurgy of highly-concentrated multicomponent alloy systems.
Materials and methods
Thin solid films from the system NbTaMoW were produced using the ion beam sputter-deposition (IBSD) technique. An Ar ion beam with energy of 1.25 keV was used to sputter the elemental targets onto a electronic-grade silicon wafer substrate that was chosen for the purposes of developing understanding of fundamental processes. The base pressure in the deposition chamber was measured to be 1.5×10 −4 Pa and at around of 2×10 −2 Pa (Ar partial pressure) during the film deposition. The deposition was carried out during 2 hours without any additional substrate heating. Throughout the deposition, the substrate temperature increased to around 370-400 K. Detailed description of the IBSD system can be found in previously published works [48, 50] .
As the elemental composition of the thin film product is directly related to the geometric position of the sputtering targets with respect to the Ar ion beam, the elemental Nb, Ta, Mo and W target areas were geometrically adjusted under the ion beam to achieve the desired elemental composition [48] . An FEI Quanta 3D FEG scanning electron microscope (SEM) equipped with an Oxford Instruments energy dispersive X-ray (EDX) spectroscopy detector was used to record the X-Ray spectra. The standardless ZAF correction method [51] was used for data quantification and the elemental composition of the RHEATF. Aiming at to analyse the stability and the behaviour of coating elements at moderate temperatures, part of the coated Si substrate was annealed at around 523±5 K during 10 hours in-air on a hot plate. This temperature was chosen to promote diffusion of punctual defects without significantly inducing Si diffusion from the substrate to the film.
Conventional focused ion beam (FIB) technique [52] was used to prepare electron transparent samples of the RHEATF in the as-deposited and in-air annealed conditions. For the TEM specimen preparation, a FEI Quanta 200 3D SEM-FIB operating with Ga + ions was used. A Hitachi H-9500
Transmission Electron Microscope was employed to characterise the microstructure of the thin films by means of conventional techniques such as bright-and dark-field (BFTEM and DFTEM) as well as to record selected-area diffraction pattern (SAED). The TEM is equipped with an analytical Gatan Quantum SE spectrometer that was used for EFTEM. The energy resolution of the system was around of 2.2 eV at 300 keV and an energy slit of 20 eV was used for the elemental map acquisition. ImageJ software was used for analysis of the TEM images and quantification of the thin film defects [53] . Micro Materials nanomechanics platform was used to measure the films hardness and to perform nanoscratching tests. Berkovich nanoindenter (3-sided diamond pyramid with 65.3
• corner) calibrated on silica and tungsten was used for the nanoindentation measurements. These measurements were carried out with the loads from 1 to 10 mN which allowed penetration to the maximum depth of 80 nm. The loads were chosen to avoid surface hardness uncertainties and to penetrate the films below 10% of the thickness. The nanoscratching was performed with worn Berkovich indenter by ramping load from 0 to 500 mN while scanning sample for 500 µm. In order to compare the nanostraching behaviour of the RHEATF, titanium nitride (TiN) thin films were used. These films were deposited under similar conditions (i.e. deposition parameters) to the RHEATF, except the nitrogen which is added to the chamber for reactive deposition: detailed information can be on the synthesis of TiN thin films can be found elsewhere [54] . Different indenters were used for either nanoscratching and nanoindentation.
Results
After deposition, the thickness of the RHEATF was measured in the SEM-FIB to be around of 2.0±0.2 µm and the elemental composition of the RHEATF as-deposited is shown at the table 1. Assuming the nominal density of the coating elements (table 2) , the calculated density of the produced RHEATF is 13.6 g·cm −3 .
TEM analysis of the thin film before annealing has revealed a columnar grain structure with sizes around of 100-200 nm as shown in both BFTEM and DFTEM micrographs in the figure 1. The underfocused BFTEM micrograph in the figure 1(b) exhibited the presence of small round features with an average diameter size of 1.3-1.5 nm. Additionally, the DFTEM micrographs 1(c) and 1(e) showed small black-spots that were observable with the [110] reflection. Indexing of the diffraction patterns has been performed with reference data available in the literature [55, 56] and confirmed that the thin film is of body-centred cubic structure. Qualitative EFTEM analysis of the thin film before annealing shows that the alloying elements Mo and Ta were uniformly distributed along in film profile as exhibited in figure 2. W and Nb exhibited sightly depleted or enriched regions following the columnar aspect of the thin film. This is attributed to electron-loss signal differences in areas with different electron-transparent thicknesses. Argon was observed to be slightly accumulated at the interface between the film and the Si substrate. O was observed only at the edge of the thin film and C was distributed along the thin film with, substrate as well as accumulated at the interface.
The microstructure of the RHEATF after in-air annealing in a hot plate is showed in the figure 3. The BFTEM and DFTEM micrographs 3(a-b) show that both columnar grain morphology and crystal structure were preserved. One particular feature observed in the thin film after annealing was the accumulation of round particles at the grain boundaries with sizes as low as 1.2 nm and as high as 2 nm, as can be observed in the underfocused BFTEM micrograph in the figure 3(c). EFTEM analysis revealed that Ta, Mo and W have migrated to the interface between with the Si substrate as shown in the figure 4. At these conditions, O was also detected in very low concentration along the thin film profile and the Si substrate.
With the diffraction patterns, it was possible to estimate the lattice parameters of the thin films. For the thin film before annealing, the lattice parameters were 2.96, 2.93 and 2.93Å, associated with the reflections [101], [110] and [011], respectively. After annealing, the lattice parameters were observed to increase slightly to: 3.19, 3.19 and 3.06Å, respectively for the same reflections above. The small round particles observed in the underfocused micrographs are bubbles filled with argon. The bubble diameter distributions before and after annealing are presented in the figure 5.
Nanoindentation measurements of the thin films as-deposited and after annealing allowed the estimation of both hardness and reduced Young's modulus. Figure 6 (a) shows that the thin film asdeposited has hardness around 22.8±0.7 GPa while for the annealed, the hardness has dropped to around 16.0±0.6 GPa. At the same time, the reduced Young modulus for the film before annealing was estimated to be approximately 286.6±5.8 GPa as opposed to 236.9±7.1 GPa after annealing. Both hardness and Young modulus are constant in depth which indicates the absence of tip geometric effects and surface/substrate influence within used nanoindentation load range. Nanoscratching was performed with an old Berkovich indenter and the load was linearly ramped within the scratch distance up to maximum load of 500 mN. As the RHEATF exhibited high hardness which is comparable with conventional TiN ceramic coating (hardness of 25.4 GPa, reduced Young's modulus of 321.3 GPa [54] and same thickness as the RHEATF), nanoscratching measurements were performed in both materials (as-deposited) under same experimental conditions. The SEM micrographs in the figure 7 show results obtained with nanoscratching for either RHEATF and TiN: the traces in the micrograph 7(b) show that the TiN is more prone to crack in an uncontrolled manner when compared to the RHEATF in the micrograph 7(a).
Discussion

Relationships between sputter-deposition and the microstructures
It is well established in the thin film deposition community that the microstructure of sputter-deposited hard coatings depends on the system parameters during the deposition stages. Among the wide variety of parameters, the homologous temperature (T/T m where T is the deposition temperature and T m is the material's melting point) plays a key role on the final grain structure morphology as it is directly associated with the atomic diffusion of coating species during the deposition stages [57] . The rule of mixing can be used to reasonable estimate the melting point of the produced NbTaMoW RHEATF [34] . Using the melting points of each refractory metals, presented at table 2, the T m for the thin film was estimated to be approximately 3177 K. With the known substrate temperature during the deposition, the homologous temperature for the deposition of the NbTaMoW RHEATF in this work has been calculated: T/T m =0.13.
The grain morphology herein reported for the RHEATF, as revealed by the BFTEM and DFTEM analysis, consisted of large columnar grains. These observations can be analysed by two major processes that govern the relationships between crystal grain morphology and the IBSD technique. The first is associated with the directionally of the flux of coating species towards the substrate which is a particular aspect of the IBSD technique [57] . The second is due to the low homologous temperature during deposition, in this present case, T=0.13T m . According to the structure-zone model proposed by Movchan and Demchishin (MD) [58] , for homologous temperatures lower than 0.3T m , a columnar microstructure is expected as a consequence of the low atomic mobility of coating elements within the substrate. However, the RHEATF microstructure has exhibited large grains. The experimental evidence shows a microstructure slightly deviated from often reported characteristics of zone 1 thin solid films [57] [58] [59] . This may indicates that rapid grain nucleation and growth have occurred and a single-phase solid solution microstructure with well defined crystal structure was formed rather than an amorphous or complex multiphase material.
A proposed explanation on a possible accelerated kinetics of nucleation and growth in highentropy alloy thin films (HEATF) have been recently investigated by Tunes et al. [48] . By means of comparing two thin films, a non-equiatomic and an equiatomic, the authors reported that in the latter case, the equiatomic condition has facilitated the growth of larger single-phase crystals (100-200 nm) while in the non-equiatomic film, the microstructure was of nanocrystalline nature with smaller grain-sizes (< 100 nm). This is due to the kinetics of nucleation of small embryos and their subsequent growth as studied by Hollomon and Turnbull [60] to be a process entirely governed by both volumetric Gibbs (∆G v ) and surface energies (γ):
Where r * is known as critical radius for nucleation of an spherical-like dendrite embryo. Thus, in a defined high-entropy alloy metallic system, such as the NbTaMoW, the minimised Gibbs free energy achieved by the equiatomic composition of the coating elements is a condition for promoting the nucleation of embryos with larger critical radii when compared with conventional terminal solid solution systems at non-equiatomic elemental compositions. Analysis of results from the EFTEM carried out in the RHEATF prior annealing (figure 2) exhibiting that the material elements are uniformly distributed throughout the microstructure of the film in combination with the TEM analysis which has confirmed a single-phase BCC microstructure with large columnar is, therefore, an indicative that a high-entropy alloy has been formed at very low homologous temperature (T/T m =0.13) where a typical zone 1 thin solid film is expected to have, according to Thornton [59] , as a poorly defined microstructure. This suggests that the advent of the minimised Gibbs free energy is a key parameter which should be additionally incorporated within the theoretical conceptions of the structure-zone model proposed in 1969 by Movchan and Demchishin [58] and later modified by Thorton [57, 59] , in order to accommodate possible accelerated mechanisms of nucleation and growth in these refractory and non-refractory high-entropy alloy thin films systems.
Ar bubbles and elemental segregation at the interface
One particular aspect in the microstructure of the deposited NbMoTaW RHEATF is the presence of voids or bubbles as revealed by the TEM characterisation. By means of defocusing the electron beam, voids and bubbles are responsive to phase contrast (or Fresnel contrast) which allowed their characterisation [61] . Conceptually, voids are considered an agglomerate of vacancies while a bubble can be viewed as cluster of both vacancies and inert gas atoms [61, 62] . For an equilibrium bubble, the internal pressure is a function of its measured radius and can be estimated as: p = 2γ/r. Due to the confirmation of Ar in the thin film, as showed in the EFTEM analysis in the figure 2, these small round particles are rather likely equilibrium bubbles than voids, however, their TEM contrast is believed to be very similar to the latter [61] .
Voids and bubbles have already been reported previously to occur in sputter-deposited thin films. For instance, by means of analysing Au deposited thin films within a TEM, Lloyds et al. [63] observed a large number of voids that have nucleated in the matrix and at the grain boundaries of small Au crystallites. A detailed study on void formation in thin films has been conducted by Nakahara [64] who proposed that their formation is intimately associated with surface and volumetric migration of vacancies and incorporation of inert gas species into defective zones at the multi-atomic steps of the growing thin film. These authors also noted that microporosity due to voids and nucleation of bubbles is an inevitable and intrinsic phenomenon in the science of the thin films and the underlying mechanisms for its occurrence is not yet well understood [65] . At the same time from basic solid state physics principles one can expect creation of significant amounts of vacancies due to fast thermalisation of the arriving atomic species. These vacancies are expected to cluster, thus creating voids.
As mentioned previously, the microstructure sputter-deposited thin films at the zone 1 is associated with a typical columnar grain structure. Another microstructural property of a zone 1 microstructure is the growth of voided grain boundaries whose consist of defective regions where vacancies form and concentrate during deposition [59, [66] [67] [68] as depicted in the figure 8(a) . A possible mechanism to explain the nucleation of bubbles in the NbMoTaW RHEATF at such low deposition temperatures may involve implantation of Ar into the growing film as showed in the figure 8(b) . Backscattering of Ar atoms from sputtering targets occur during sputtering and eventually, these Ar atoms have the necessary energy to reach the substrate and get implanted. As the solubility of inert gases is low in solids [61] , the most energetic favourable sites for Ar atoms will be trapped within vacancies rather than dissolved in the random solid solution. The entrapment of Ar atoms is also enhanced due to ballistic collisions from the impinging coating elements that progressively reach the substrate [57, 59, 69] . At the trapped Ar specific site dependencies, bubbles will then grow upon the arrival of vacancies that are also mobile at the temperature range of deposition [70] . During the film growth, the voided open boundaries are also sources of vacancies for bubbles nucleation. As a consequence, Ar bubbles are observed in the matrix phase as showed in the figure 1(b) .
After 10 hours of annealing at 523 K, Ar bubbles were also observed along the grain boundaries of the columnar grains as shown in figure 3(c) . EFTEM of the thin film as-deposited (figure 2) showed that Ar accumulated at the interface of the film and the substrate, but after annealing, figure 4, the inert gas was not accumulated at the interface. Additionally, the EFTEM analysis for the annealed thin film has indicated that Ta, Mo and W accumulated at the interface between the film and the Si substrate while Nb remained within the thin film microstructure. From data in literature (table 2), self-diffusion of Nb is very low when compared with Mo, Ta and W. Mo is the fastest diffusive of all elements. This explains why Nb has not been observed at the interface. According to Wulf et al. it is well known that for zone 1 microstructures, the activation energies for migration of defects at the surface, grain boundaries and bulk are in the ratio of 1:2:4 [71] . Upon extended annealing time is likely that the grain boundary diffusion may cause a flux of vacancies and Ar towards these boundaries while coating elements, tend to migrate preferentially to the interface as depicted in figure 9 . Due to the absence of phase transformations and/or precipitation in the microstructure, this elemental segregation was a marginal effect that have occurred at a relatively low temperatures, enhanced by the presence of voided grain boundaries and that was preferential for those coating elements with smaller atomic radii and higher self-diffusion coefficients (Mo, Ta and W).
A strong evidence to support the argument that grain boundary upon annealing played the dominant role rather than bulk diffusion in the RHEATF solid solution, can be noticed by means of estimating the sizes distribution of bubbles before and after annealing, as exhibited in the figure 5. One would expect a significant or even slightly growth of the bubbles size within the bulk. Such fact has not been observed to occur. In HEAs, the bulk mobility of lattice defects and solute atoms have been reported to be suppressed or mitigated [16, 20, 35] . The fact that bubbles have not grown also indicates neither coalescence nor vacancies incorporation have not significantly occurred.
As studied by Waterbeemd et al. [72] , gaseous impurities such as O can have a substantial effect on the final microstructure of sputter-deposited thin solid films. Such active species reduce adatom mobilities, thus favouring the formation of zone 1 structures even at high-temperature deposition [73] [74] [75] . In this work, as confirmed by the EFTEM maps, O has been reliably detected only at the edge of the lamellae in the film as-deposited and in very low concentration after in-air annealing. O map after the annealing does not contain any meaningful quantitative information as its concentration is low for the detection method used in this work.
Even that the microstructure has Ar bubbles -which are often reported to deteriorate a wide set of alloy properties [61] -the random solid solution remained stable under the conditions studied in this work: no phase transformation and no precipitation were observed after extended annealing.
High mechanical damage tolerance
The high hardness and Young's modulus combined with the high mechanical damage tolerance against nanoscratching allow the NbTaMoW RHEATF to be considered as a thin solid film with exceptional mechanical performance. Following the microstructural characterisation of the deposited thin film presented in this work, considerations on the origins of such interesting mechanical behavior can be made.
At a fundamental level, hardness is the capability of a material of resisting to plastic deformation. Nanoindentation measurements have indicated that the NbTaMoW RHEATF has a hardness around 22.8±0.7 GPa before annealing and 16.0±0.6 GPa after annealing which is comparable with most conventional ceramics. As the annealing was performed in-air, the drop in the reduced modulus in the annealed film after a depth of 40 nm is associated to the formation of an oxide layer on the top of the RHEATF. The origins of such high hardness are in the microstructure of the RHEATF at nanoscale. During deformation, the activation of dislocation sources in the RHEATF is clearly inhibited due to two main reasons: (i) confinement of grains at the nanocrystalline regime [76] [77] [78] and (ii) the chemical solid-solution disorder resulting in complex defect landscape and kinetics in high-entropy alloy systems which suppress the development of extended defects [16, 79, 80] . In addition to these facts, dislocation motion can also be affected by the presence of Ar bubbles. On the latter, inert gas bubbles are often perceived as associated with degradation of mechanical properties through embrittlement [61] . In the present set of the results, these bubbles were observed to not degrade the mechanical properties. This is particular evidenced by the nanoscratching results ( figure  7) where the cracking of the RHEATF was not as catastrophic as in the case of the titanium nitride. Due to the microstructural features of the NbMoTaW RHEATF, the present results are suggesting that this thin solid film can simultaneously retain good crack resistance and high hardness level.
Both hardness and Young's modulus have dropped at around 30% after annealing. The electron microscopy characterisation of the RHEATF showed that Ar bubbles were also observed in the film microstructure after annealing, therefore the drop in the hardness is rather associated with relief of residual internal stresses [81, 82] than Ar bubble annihilation and thermal desorption of the Ar gas within the RHEATF. Additionally, after the extended annealing time, the Ar bubbles have not grown indicating that the high-entropy alloy core effects may be limiting the diffusion of point defects. In addition, it is worth to emphasise that the thin film was observed to be stable after extended annealing and neither significant grain growth and precipitation were observed.
Conclusions and further works
The synthesis of a refractory high-entropy alloy thin film of the system NbTaMoW is reported in this paper. Its microstructure is partially consistent with the Movchan-Demchishin-Thornton structurezone models for zone 1 deposition parameters where low homologous temperatures (T/T m <0.3) does not allow significant bulk diffusion and a columnar grain structure is observed. Unexpectedly, by means of EFTEM and conventional TEM characterisation, the thin films are of a well-defined random solid-solution with body-centred cubic structure as opposed to the previously reported common zone 1 thin film microstructures that often are reported to lack of a well defined crystal structure. Highentropy alloy, nucleation and growth theories were used to explain the microstructural features: at the equiatomic condition, larger critical radii for nucleation contributes for the rapid growth of the thin film embryos. This indicates that MDT structural-zone models are yet to be further modified for the class of thin films with minimised Gibbs free energies guaranteed by the equiatomic condition.
Ar bubbles have been observed throughout the microstructure of the thin film and a hypothesis of Ar implantation and entrapment due to ballistic processes has been proposed to explain their occurrence at low temperature, although the whole process is not yet well understood by thin film community [64, 73] . Ar bubbles grow upon the arrival of mobile vacancies during the stages of nucleation and growth of the random solid solution. The thin film after extended annealing have also exhibited Ar bubbles along grain boundaries and elemental segregation of Mo, Ta and W at the interface with the substrate. On the absence of phase transformations and/or precipitation in the microstructure of the annealed film, such segregation at the interfaces was attributed to the fast intergranular boundary diffusion of elements and vacancies, as bulk diffusion of solute atoms and lattice defects in highentropy alloys have been recently reported to be suppressed and complex [35, 83] . This also agrees with the fact that matrix bubbles have not grown after annealing when compared with the thin film as-deposited.
Nanomechanical measurements indicated that the RHEATF is capable of retain -at the same time -high hardness (comparable with conventional ceramics) and an impressive damage tolerance against nanoscratching, thus indicating a high crack resistance. The origins of such high damage tolerance was attributed to its microstructural features at nanoscale in combination with well-known high-entropy alloy core effects.
Due to the observed phase stability of the RHEATF after extended moderate temperature in-air annealing, the high damage tolerance when compared with conventional ceramics and the nanocrystalline grain-sizes, these films can be considered potential candidates for applications in extreme environments, although further studies are needed to address the microstructure of RHEATFs at higher temperatures and its relationship with structure-zone models as well as the computer modelling of the impact on mechanical properties of inert gas bubbles formation during IBSD. The relationship between residual stresses, nucleation and growth kinetics and mechanical performance of these new RHEATFs are also yet to be addressed in future studies in order to investigate the role of the HEA core-effects in their properties especially when compared with conventional thin solid films.
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